Introduction {#Sec1}
============

Diabetic retinopathy (DR) is the primary cause of visual impairment and blindness for diabetic individuals from 30 to 70 years \[[@CR1]\]. The current standard care for preventing or delaying DR consists of strict glycemic control, while vision loss may still appear even up to the glucose control standard \[[@CR2], [@CR3]\]. The increased incidence of retinopathy suggests that more precautionary measures are imperative to prevent the development of the condition and subsequent blindness.

Intensive blood pressure control prevents cardiovascular events \[[@CR4], [@CR5]\]. Blood vessels are directly visible in the retina. Hypertension may lead to retinal macroaneurysm, retinal vascular occlusion and ischemic optic neuropathy, which further cause visual loss. Hypertension may also exacerbate the vision-threatening effects of DR.

Given the effect of blood pressure on the pathologic changes of diabetic retinopathy \[[@CR6]\], tight blood pressure control may be another method to prevent or delay the risk of DR. Findings of previous studies indicate that intensive blood pressure targets in diabetic individuals could decrease the development and progression of diabetic retinopathy \[[@CR7], [@CR8]\], but results of some studies did not support the beneficial effect of intensive blood pressure targets \[[@CR9]--[@CR11]\]. The Action to Control Cardiovascular Risk in Diabetes (ACCORD) Eye Study Group has shown that intensive blood pressure control had no beneficial effect on reducing the rate of DR in subjects with type 2 diabetes. Tight blood glucose targets in the UKPDS decreased still did not eliminate the risk of DR \[[@CR12]\].

Given this knowledge gap, we did a meta-analysis to assess the possible effect of lowering blood pressure on diabetic retinopathy, a trial sequential analysis (TSA) to examine the changes over time and whether more studies need to be performed, by adjusting the significance levels for sparse data and multiple testing on accumulating trials. The primary aim of our study was to explore the effect of interventions to control or reduce blood pressure on the incidence and progression of DR and the incidence of proliferative diabetic retinopathy (PDR) or macular edema (ME).

Methods {#Sec2}
=======

Our study was performed in accordance with the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). This article is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors. Therefore, ethical approval was not necessary.

Search Strategy and Selection Criteria {#Sec3}
--------------------------------------

MEDLINE, EMBASE, and the Cochrane Controlled Trials Register were searched for articles from inception to April. 2018 using a search strategy as follows: \[diabetic retinopathy, proliferative diabetic retinopathy (PDR), macular edema, diabetic maculopathy, retinal disorders, retinal disease, diabetic eye disease, or vision loss\], (randomized, random, placebo-controlled, double-blind), (hypertension or blood pressure) and (angiotensin II type 1 receptor blockers, adrenergic alpha antagonist, adrenergic beta antagonists, diuretics, calcium channel blockers, angiotensin-converting enzyme inhibitors, antihypertensive agents). Reference lists of identified trials and relevant reviews were also searched. To avoid missing any relevant studies in the search, reference lists of key articles were also searched for relevant articles that could have been missed. There were no publication form restrictions. Only articles in the English language were searched.

Randomized controlled trials (RCTs) investigating the effect of strict blood pressure targeting on the incidence, progression of DR, or incidence of PDR and ME were included for analysis. Two authors independently reviewed all identified abstracts and excluded clearly irrelevant hits. Characteristics of trials for analyses were extracted by two authors independently from the included reports. Although intensive versus conventional blood pressure targets were not defined uniformly in the relevant studies, the definition according to the criteria used in the original trials was taken into consideration in this meta-analysis. A summary of the included individuals' data is presented in Table [1](#Tab1){ref-type="table"} \[[@CR9], [@CR13]--[@CR19]\]. The included trials were divided into those with a low risk of bias and those with a high risk of bias according to the Cochrane Handbook risk of bias tool on the basis of assessment of sequence generation, blinding and concealment of allocation \[[@CR20]\]. When all three domains were judged to have a low risk of bias, the trial was classified as having a low risk of bias. Eight trials had a low risk of bias. Articles were excluded if they were non-randomized trials, were crossover trials, or used dual therapies or quasi-experiments.Table 1Characteristics of the eight trials included in the meta-analysisABCD \[[@CR17]\]ADVANCE-AdRem \[[@CR16]\]DEMAND \[[@CR18]\]Steno-2 \[[@CR19]\]UKPDS/HDS \[[@CR14]\]ACCORD eye \[[@CR9]\]DIRECT Protect2 \[[@CR13]\]ACCORDION eye \[[@CR15]\]Age (years) mean5966615556615761CountryUSA14 countriesItaly and SloveniaDenmarkUKUSA and Canada30 countriesUSA and CanadaStarted years (follow-up)1991 (4.7)2002 (4.1)2002 (3.8)1992 (3.8)1987 (9.3)2001 (4)2001 (4.7)2003(8)Female220 (46%)484 (39%)90 (35%)39 (26%)516 (45%)(46%)952 (50%)493 (38%)Prior cardiovascular disease115 (24%)(46%)99 (5.2%)361 (27.6%)Duration of diabetes (years)9665.82.6108.89.9 (6.8)Hemoglobin A1C  %11.67.46.28.66.98.38.28.2 (1.0)Systolic blood pressure (mmHg)136143147148160138133133 (16)Diastolic blood pressure (mmHg)8479888694767874 (10)Body mass index (BMI)31.527.729.629.629.632.429.432 (5.4)Intensive or standard treatment (placebo)Intensive (10 mmHg below the baseline DBP) vs. moderate (80 to 89 mmHg) DBP control≤ 140/80 mmHgTarget BP was 120/80 mmHgSBP \< 130 and DBP \< 80 mmHgBP \< 150/85 vs. \< 180/105 mmHgSBP (\< 120 vs. 140 mmHg)BP ≤ 130/85 mmHgSBP (\< 120 vs. 140 mmHg)

Outcomes {#Sec4}
--------

The definition of incidence of DR is to have mild-to-severe non-proliferative DR or proliferative DR, which is a score on the Early Treatment Diabetic Retinopathy Study (ETDRS) in individuals who had no DR signs at baseline. The definition of progression of DR is to a two-step or greater progression from baseline on the ETDRS final scale in individuals who had DR signs at baseline.

Statistics {#Sec5}
----------

We assessed the within- and between-study variation or heterogeneity by testing Cochran's *Q* statistic \[[@CR21], [@CR22]\]. Heterogeneity was quantified with the *I*^2^ metric, which was independent of the number of studies in the systematic review \[[@CR23]\]. The pooled OR was estimated using fixed effects (FE, Mantel and Haenszel) and random effects (RE, DerSimonian and Laird) models. When there was heterogeneity among studies, the pooled OR was estimated using the random effects model. Publication bias was assessed using the Egger's regression test and Begg's rank correlation test. Statistical manipulations were undertaken using STATA (version 13.0, StataCorp LP, College Station, TX, USA).

Trial Sequential Analysis {#Sec6}
-------------------------

We conducted the trial sequential analysis (TSA). Conventional meta-analysis had the risks of random errors due to sparse data and repetitive testing \[[@CR24]\]. TSA adjusted the confidence intervals if data were sparse or repeatedly analyzed as a result of multiple updates to allow firm conclusions. Trial sequential monitoring boundaries were employed to control the risks for type I and II errors and to indicate whether additional trials were needed. For the required information size, we calculated the incidence in the control group from the actual meta-analyses. The intervention was able to reduce the relative risk by 15%. TSA was conducted with the intention to maintain an overall 5% risk of a type I error and a power of 80%. Meta-analysis will be updated by adding component studies sequentially in the order of publication. The β-spending function was constructed to indicate futility of the intervention. We used TSA version 0.9 beta (<http://www.ctu.dk/tsa>) (Copenhagen Trial Unit, 2011) for these analyses.

Results {#Sec7}
=======

Figure [1](#Fig1){ref-type="fig"} summarizes the results of the search. The trials included 6989 participants, of whom 3749 were randomized to intensive blood pressure control and 3240 to conventional blood pressure control \[[@CR9], [@CR13]--[@CR19]\]. Table [1](#Tab1){ref-type="table"} shows the participants\' characteristics. The range for the number of randomized patients in each trial was from 160 to 2856. All eight included trials were randomized clinical trials. The average age of individuals in each trial ranged from 55 to 66 years. Participants from three trials were either normo- or hypertensive with controlled blood pressures at baseline \[[@CR9], [@CR13], [@CR15]\]. Participants from five trials had hypertension at baseline \[[@CR14], [@CR16]--[@CR19]\].Fig. 1Flow chart of study selection. *RCTs* randomized controlled trials

BP and Incidence of DR {#Sec8}
----------------------

Data regarding the incidence of retinopathy were available from six of the conducted trials \[[@CR9], [@CR14], [@CR16]--[@CR19]\]. Compared with less or no intervention, strict blood pressure intervention supported a 17% risk of the incidence of DR (risk ratio 0.83, 95% confidence interval 0.72--0.95) (Fig. [2](#Fig2){ref-type="fig"}). Heterogeneity was absent (*I*^2^ = 0%; *P* = 0.56).Fig. 2Effect of intensive blood pressure target versus control group on incidence of DR; 95% CI, filled square (for each group) and open diamond (for all studies combined). Broken vertical line represents summary RR of the total pooled data

We did trial sequential analyses. This was similar to interim analyses in a single trial, where monitoring boundaries were used to decide whether a trial could be terminated early when a *P* value was sufficiently small to show the anticipated effect. Trial sequential analysis showed that the cumulative *Z* curve crossed the monitoring boundaries constructed from information size calculations \[trial sequential analysis adjusted 95% confidence interval, 0.81 (CI 0.72--0.90) Fig. [3](#Fig3){ref-type="fig"}\], thereby confirming that sufficient evidence existed for a 17% decrease in relative risk of incidence of DR when intensive blood pressure control was targeted.Fig. 3Required information size to demonstrate or reject 15% relative risk reduction in the effect of strict blood pressure targets on incidence of DR with an alpha of 5% and beta of 20% is 9184 patients (vertical red line). The red dashed lines represent the trial sequential monitoring boundaries and the futility boundaries. The solid blue line is the cumulative *Z* curve

BP and Progression of DR {#Sec9}
------------------------

Five trials reported progression of DR that was present at the time of trial enrollment among 5132 type 2 diabetics \[[@CR9], [@CR13]--[@CR16]\]. The overall RR of strict blood pressure for progression was 0.94 (95% CI 0.81--1.08), indicating a possible 6% reduction (Fig. [4](#Fig4){ref-type="fig"}). Heterogeneity was low (*I*^2^ = 15.6%; *P* = 0.31).Fig. 4Effect of intensive blood pressure target versus control group on progression of DR; 95% CI filled square (for each group) and open diamond (for all studies combined). Broken vertical line represents summary RR of the total pooled data

Trial sequential analysis showed a lack of sufficient evidence in Fig. [5](#Fig5){ref-type="fig"}. The cumulative *Z* curve did not cross monitoring boundaries (trial sequential analysis adjusted 95% CI 0.80--1.06). After the first three trials, the cumulative *Z* statistic crossed the conventional significance boundary (*Z* = 1.96) but did not cross the O'Brien-Fleming boundaries. From the fourth trial onwards, the meta-analysis was no longer nominally statistically significant. With the publication of the last trial, the *Z* score approached the futility boundaries.Fig. 5Required information size to demonstrate or reject 15% relative risk reduction (a priori estimate) of the effect of strict blood pressure targets on progression of DR (with a control group proportion of 16.8%, alpha of 5%, and beta of 20%) is 7157 patients (vertical red dashed line). The red dashed lines represent the trial sequential monitoring boundaries and the futility boundaries. The solid blue line is the cumulative *Z* curve

BP and Incidence of PDR or Macular Edema {#Sec10}
----------------------------------------

Data regarding the incidence of PDR or macular edema were available from five trials \[[@CR13]--[@CR16], [@CR19]\]. No beneficial effect of blood pressure intervention was shown: RR 0.97 (95% CI 0.72--1.30), 0.93 (95% CI 0.80--1.08). Heterogeneity was present (*I*^2^ = 54.6%, *P* = 0.07; *I*^2^ = 15.6%; *P* = 0.31, for PDR or ME, respectively, Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Effect of intensive blood pressure target versus control group on the incidence of PDR or macular edema; 95% CI filled square (for each group) and open diamond (for all studies combined). Broken vertical line represents summary RR of the total pooled data

Trial sequential analysis showed a lack of sufficient evidence for a 10% or greater relative risk reduction in PDR or macular edema (trial sequential analysis adjusted 95% CI 0.84--1.12). Only 6048 (28%) of the heterogeneity adjusted required information size of 21,452 patients were accrued (Fig. [7](#Fig7){ref-type="fig"}).Fig. 7Required information size to demonstrate or reject 15% relative risk reduction of the effect of a strict blood pressure target on the incidence of PDR or macular edema (with a control group proportion of 13.1%, alpha of 5%, and beta of 20%) is 11,572 patients (vertical red dashed line). The red dashed lines represent the trial sequential monitoring boundaries and the futility boundaries. The solid blue line is the cumulative *Z* curve

Discussion {#Sec11}
==========

Key results of our study are (1) an intensive blood pressure target appears to be able to reduce the incidence of DR when accumulated evidence is acquired from RCTs, and the finding is subsequently confirmed by TSA. (2) RCTs fail to identify the beneficial effect of an intensive blood pressure target on the progression of DR and incidence of PDR and macular edema, while the results could not be confirmed by TSA. TSA indicated that more than 8400 individuals need to be randomized before firm decisions can be reached on any beneficial or harmful effect with a 15% RRR with a power of 80%.

The pathogenesis of diabetic retinopathy has been investigated on several biochemical pathways. The exact mechanism of hypertensive damage in DR remains unknown \[[@CR25]\], while the hypothesis is that chronic hyperglycemia results in endothelial cell damage and breakdown of the blood-retinal barrier, which lead to dysregulation of retinal perfusion; therefore, hypertension leads to hyperperfusion damage to the eyes with DR \[[@CR26]--[@CR28]\]. In addition, people with DR also coincide with diabetic neuropathy; this existence of unbalance of sympathetic regulation in the retinal vessels thus could lead to the detrimental effect of hypertension on DR \[[@CR25]\].

The cumulative *Z* curve crossed the monitoring boundaries constructed from both information size calculations (Fig. [3](#Fig3){ref-type="fig"}), demonstrating with 80% power that the effect of intensive blood pressure targets is \> 20% relative risk reduction in the incidence of DR. Although this accumulated evidence did not identify the beneficial effect of intensive blood pressure control on the progression of DR and incidence of PDR and macular edema, the initial trial was positive at a conventional significance level of *P* = 0.05 (*Z* = 1.96), achieved by using the α-spending function and constructing the O'Brien-Fleming boundaries in TSA. In the analysis on the effect of strict blood pressure targets on the progression of DR, the cumulative *Z* curve approached the futility boundaries (Fig. [5](#Fig5){ref-type="fig"}), and we almost infer that the effect of intensive blood pressure targets is superior to that of conventional blood pressure control in the progression of DR, which comes with a 15% relative risk reduction.

The reasons for the discrepancy of the effect of strict blood pressure control on the incidence and progression of DR remain unknown. The discrepancy might be the different definition of the progression of DR used in the different trials. Thus, in the UKPDS, the definition of DR progression seemed crude in relation to blindness and the need for laser or vitreoretinal surgery, etc., while the progression of DR in DIRECT Protect2 was defined as an increase of three or more ETDRS levels \[[@CR13]\]. Another possibility might be that the baseline glycated hemoglobin (HbA1c) values differed in the included various trials; nearly 11% of HbA1c in the intensive and conventional arms in the ABCD trial, while nearly 8% of HbA1c in other trials. The separate effect of blood glucose might lead to the various outcomes of diabetic retinopathy. Third, blood pressure control can sometimes be a trade-off between risks of hypotension and adequate risk factor control in people with diabetic complications, especially for people with progression of DR who could have longer duration of diabetes and more cardiovascular risk factors. The nature of the effect of blood pressure control on the progression of DR might appear to exclude the intervention of these covariants. Besides, various antihypertensive drugs were used in previous studies, and the different effects of antihypertensive drugs on diabetic retinopathy might be the reason for these conflicting findings \[[@CR29]\]. Selection bias of language might be a limitation of this study.

In addition, our finding regarding the beneficial efficacy of intensive blood pressure targets in the development of T2D individuals with DR concords with previous observational studies, which demonstrated a detrimental effect of high blood pressure in people with DR \[[@CR30]\], and blood pressures were only associated with new development of DR, but not with its progression \[[@CR31]\]. Additional studies are needed to focus on why strict blood pressure targets affected the incidence but not progression of diabetic retinopathy.

The implications of our study findings for daily clinical practice should be emphasized. Understanding whether diabetic individuals have a lower risk of DR with the strict blood pressure targets will help diabetologists to provide effective clinical counseling for patients. BP optimization should be done in primary care or by a diabetologist before the patients even see the ophthalmologist.

Conclusion {#Sec12}
==========

Our findings show the beneficial effect of intensive blood pressure targets on the incidence of diabetic retinopathy in type 2 diabetes patients, which was confirmed by our TSA. These findings are important to healthcare practitioners, as accumulated evidence recommends that the strict blood pressure targets should be specifically tailored to these diabetic individuals with non-diabetic retinopathy. However, available evidence suggests no effect of intensive blood pressure targets on the progression of retinopathy and incidence of PDR and macular edema. Before these findings are converted into clinical practice, additional work needs to be done.

**Enhanced digital features**

To view enhanced digital features for this article go to 10.6084/m9.figshare.6984083.

We thank the participants of the involved studies.

Funding {#FPar1}
=======

This work and article processing charges were supported by the National Science Foundation Council of China (nos. 81870556, 81670738, 81300650), Beijing Municipal Administration of Hospitals\' Youth Programme (QML20170204). The authors are solely responsible for the design and conduct of this study, all study analyses, the drafting and editing of the manuscript, and its final contents.

Authorship {#FPar2}
==========

All named authors meet the International Committee of Medical Journal Editors (ICMJE) criteria for authorship for this article, take responsibility for the integrity of the work as a whole, and have given their approval for this version to be published.

Authorship Contributions {#FPar3}
========================

Jian-Bo Zhou and Jin-Kui Yang contributed to the design of the study, analysis and interpretation of data, and prepared all figures and tables. Jian-Bo Zhou, Jin-Kui Yang, Zhi-Hui Song, Lu Bai, Xiao-Rong Zhu and Hong-Bing Li drafted a part of the manuscript. Xiao-Rong Zhu and Hong-Bing Li took part in analyzing data. All authors reviewed the manuscript.

Disclosures {#FPar4}
===========

The authors, Jian-Bo Zhou, Zhi-Hui Song, Lu Bai, Xiao-Rong Zhu, Hong-Bing Li and Jin-Kui Yang, have nothing to disclose.

Compliance with Ethics Guidelines {#FPar5}
=================================

Our study was performed in accordance with the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). This article is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors. Therefore, ethical approval was not necessary.

Open Access {#d29e1119}
===========

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (<http://creativecommons.org/licenses/by-nc/4.0/>), which permits any noncommercial use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
